Vocal tremor has been simulated using a high-dimensional discrete vocal fold model. Specifically, respiratory, phonatory, and articulatory tremors have been modeled as instabilities in six parameters of the model. Reported results are consistent with previous knowledge in that respiratory tremor mainly causes amplitude modulation of the voice signal while laryngeal tremor causes both amplitude and frequency modulation. In turn, articulatory tremor is commonly assumed to produce only amplitude modulations but the simulation results indicate that it also produces a high-frequency modulation of the output signal. Furthermore, articulatory tremor affects the frequency response of the vocal tract and it might thus be detected by analyzing the spectral envelope of the acoustic signal.
Introduction
Tremor can be defined as an involuntary oscillatory movement of a body part [1] . Correspondingly, vocal tremor can be defined as a low-frequency fluctuation (i.e. modulation) in the amplitude or frequency (or both) of voice [2] . Vocal tremor happens at a rate well below the fundamental frequency, between 1 and 15 Hz [2] . It differs from voice amplitude and frequency perturbations in that while these are random and fast deviations from stable underlying values of amplitude and fundamental frequency, vocal tremor involves an instability in such values [2] . Similarly, vibrato is a modulation of the acoustic voice signal too, but vocal tremor differs from it in that for vibrato, the span of typical modulation rates is narrower (between 4 and 7 Hz) [2] and the modulation is more cyclic [3] . While vocal tremor happens during speaking, vibrato is a feature of the singing voice [2] that may express emotions such as anger, happiness, fear, or sadness [4] .
The presence of vocal tremor in the acoustic signal is better perceived in the phonation of sustained sounds than in running speech [5, 6] . This is coherent with the nature of voice tremor, that is, instabilities in the voice production system are better noticed when a stable phonation task is performed. Acoustic analysis of the voice aimed at detecting, measuring, or modeling instabilities due to vocal tremor is usually approached by seeking for modulations in the sequence of pitch periods (e.g. [7] ). The presence of such modulations by itself is not an indicator of dysphonia; instead, the presence of tremor is necessary for a natural sounding voice [2] . In fact, vocal tremor in healthy individuals (physiological tremor) has been measured, showing modulation rates below 5 Hz [8] . However, the modulation rate is not definite in discriminating between physiological and pathological voice tremors. Jiang et al. and Anand et al. showed that for pathological voice tremors, with rates between 4 and 7 Hz, the difference with physiological voice tremor was more in the modulation extent (or modulation amplitude) than in the modulation rate [9, 10] .
The fact that vocal tremor is more related to modulation extents than to modulation rates is consistent with results indicating that the severity of tremor is correlated with acoustic measures of amplitude and frequency perturbations [11] . This is due to perturbation measures such as jitter or shimmer not including information on the autocorrelation properties of the varying magnitude; i.e. they are perturbation functions of order 0 [12] . As a consequence, they measure the same the extent of random and rapid perturbations as the extent of lower frequency modulations.
Regarding perception, frequency modulation seems to be the most relevant feature for the perceptual detection of vocal tremor [10, 13] but tremor is only perceived if its intensity (i.e. modulation extent) is above a certain threshold [6] .
From the point of view of the anatomy of the voice production system, vocal tremor may be produced by three different sources [14, 15] :
• Respiratory system: Instabilities in the respiratory system can typically be detected by analyzing the voice intensity contours [16] . Some results from the computer simulation of respiratory vocal tremor also point out that this is more related to amplitude modulations than to frequency modulations [15] , but more recent measurements from in vivo induction of respiratory tremor indicate that it also affects fundamental frequency [17] .
• Phonatory system: To the greatest extent, tremor in the phonatory system, or laryngeal tremor, is caused by irregular tension patterns in laryngeal muscles [18] , mainly the thyroarytenoid (TA), the cricothyroid (CT), and the inter-arytenoid (IA) (cf. Figure 1 ). The activity of the laryngeal muscles has a relevant impact on the fundamental frequency of voice [19] [20] [21] , although the effect of interactions between such muscles is not fully understood yet [22] and the relation between muscles tension and fundamental frequency is complex [23] . Accordingly, the main effect of laryngeal tremor is commonly assumed to be the frequency modulation of the acoustic wave [24] . However, amplitude modulation is also expected to happen due to the interaction between harmonics and formants [25] .
• Articulatory system: Articulatory tremor is produced by instabilities in the position of the articulators (e.g. jaw or tongue), position of the epiglottis, width of the epilarynx, etc. Similarly to respiratory tremor, articulatory tremor is thought to affect voice amplitude [24] but also to produce correlations between airflow magnitude and pressure wave amplitudes different to the case of respiratory tremor [14] .
Regarding simulation of vocal tremor, only a limited number of experiments have been reported in the scientific literature up to now. Hanquinet et al. developed a synthesizer of disordered voices in which simulation of vocal tremor was possible [26] . Their simulation approach was based on modeling the acoustic voice signal, not the underlying biomechanical process that produces it. Zhang and Jiang used a two-mass model of the vocal folds to produce simulated tremulous voices with the objective of studying the nonlinear dynamics of vocal tremor [27] . Lester, Barkmeier-Kraemer, and Story utilized a kinematic model of the vocal folds to simulate tremor produced by different anatomic sources [15, 24] . Using a different approach, Jiang et al. [14] and Lester and Story [17] made use of in vivo induction of tremor to seek for relationships between acoustic features and tremor sources. This paper reports on the results of using a highdimensional multiple-mass vocal fold model for simulating vocal tremor. In comparison to other options, using this model allows to study the impact that the addition of tremor to specific biomechanical parameters has on the acoustic voice signal. Namely, the paper includes results from the simulation of tremulous behavior in lung pressure, vocal fold stiffness, vocal ligament stress, vocal fold length, vocal fold adduction, and jaw opening. Both respiratory [15] and phonatory tremors [24, 27] had been simulated before but, to the best of authors? knowledge, this paper is the first one that reports results on the simulation of articulatory tremor. Results are presented in terms of modulation extents, both for amplitude and for frequency modulations, bearing in mind the idea that diverse anatomic sources of tremor should produce different modulation extents [24] . In the case of articulatory tremor, it is shown that amplitude and frequency modulations are not the only acoustic effects of tremor; additionally, articulatory tremor generates instabilities in the spectral envelope of the voice signal.
Voice production model
A detailed and complete description of the voice production model can be found in [28] . Here, only a brief and qualitative description is included, aimed at providing a framework for a better understanding of the tremor model. This voice production model belongs to the class of discrete, high-dimensional, biomechanical models. It is based on previous works carried out by Kob et al. [29, 30] , and it has been successfully employed for analyzing the pathogenesis of vocal fold nodules [31] and for simulating laryngeal disorders [28] ; a resembling model was also used by Wong et al. [32] for a similar purpose.
In the biomechanical model used, each vocal fold is formed by a set of 15 contiguous elements aligned in the anterior-posterior direction. Thus, each element models the transverse section of the vocal fold in a different coronal plane. In turn, each element is composed by two masses: the upper mass that approximately models the mucosa and the lower mass that somewhat models the vocal muscle (TA muscle) and the vocal ligament. Simulated mechanical properties of the vocal-fold tissues include tissue elasticity, elasticity of the interfaces between adjacent tissues, and compression forces tending to recover form after collision. Other simulated forces are the vocal ligament stress, the pressure induced by the glottal airflow, and the subglottal pressure.
The model does not include simulation of the subglottal pressure waves and resonances, so subglottal pressure is made equal to the lung pressure. As for supraglottal structures, the vocal tract is modeled as a set of 44 concatenated cylinders having different cross-section areas. Pressure wave propagation along the vocal tract has been simulated using the Kelly-Lochbaum model plus an energy loss factor applied at each cylinder. Wave radiation at the output of the last cylinder has been simulated, assuming that no external acoustic wave arrives to the lips.
All parameters of the voice production model have been assigned the values specified in [28] , except for those summarized in Table 1 . These changes have been made with the purpose of increasing the naturalness on the synthesized sound waves.
Tremor model

Respiratory tremor
As mentioned before, vocal tremor may have three different anatomic sources: the respiratory system, the phonatory system, and the articulatory system. Respiratory tremor, which is caused by irregularities in the behavior of respiratory muscles, has been modeled by making the lung pressure (P sub in [28] ) variable instead of constant, that is:
where P 0 = 700 Pa as in [28] . Although the subglottal pressure is to some extent related to fundamental frequency, it is not a primary cause for changes in pitch [19, 20] . Thus, a priori the main expected effect of the time variability of P sub is a modulation in the amplitude of the acoustic signal [15, 16] .
Phonatory tremor
At laryngeal level, phonatory tremor is conjectured to be produced by instabilities in the tension patterns of intrinsic laryngeal muscles (e.g. TA and CT). Results reported by Finnengan et al. indicate that these are more related to vocal tremor than extrinsic laryngeal muscles [18] . The activity of the CT muscle ( Figure 1 ) is crucial for [19] [20] [21] . Its function is twofold [23] : on the one hand, it affects the tension and the elongation of the vocal cords (i.e. vocal ligaments); on the other hand, it helps in modifying the stiffness of the vocal folds. This second function is shared with the TA muscle, which is parallel to the vocal ligament (Figure 1 ). Although TA activity exhibits a moderately high degree of correlation with CT activity, the TA muscle seems to play a secondary role in the control of fundamental frequency as compared with the CT muscle [21] .
The activities of the TA and CT muscles can be modeled in discrete low-dimensional vocal fold simulation models as changes in the mass and stiffness of the vocal fold elements [23, 33] . The use of a high-dimensional model allows to specifically model the changes in tension and elongation of the vocal ligament caused by the CT muscle. Hence, tremor induced by instabilities in the activity of TA and CT muscles is modeled by variations in the stiffness of the vocal folds and tension and length of the vocal ligament.
Changes in stiffness have been simulated by adding variability to the stiffness factors k sMV and k sVB in [28] . This variability has been modeled as a multiplicative factor:
where k s0 has the values specified in Table 1 as k sVB and k sMV . Instabilities in the tension of the vocal ligament have been simulated by adding a variable term to the maximum active stress:
where σ act MAX0 = 60 kPa. Last, irregularities in the elongation of the vocal cords have been modeled by multiplying the glottal length l g (cf. Figure 1) by a variable factor, while correcting the dimensions of the vocal fold elements in order to keep their mass constant during simulations:
with l g0 = 14 mm. In addition to the role of TA and CT muscles in the production of vocal tremor, some research results indicate that the role of the IA muscle should not be underestimated [34] . The IA muscle, similarly to the CT, affects tension and elongation of the vocal ligaments. But it also controls the adduction of the vocal folds. Therefore, the inter-arytenoid distance, x IA (cf. Figure 1) , has been added to the variables above in order to account for the role of the IA muscle:
where it has been assumed that the default configuration is x IA = 0.
Articulatory tremor
Supraglottal structures, i.e. vocal tract, may contribute to the production of vocal tremor. This is hypothesized to be the case of patients suffering from Parkinson?s disease [9] . In fact, jaw and lip tremors are some of the features that help in differentiating between parkinsonian and essential tremor [35, 36] . Vocal tract configuration, as in the case of the larynx, is multi-dimensional, that is, it depends on the values of several variables [37] , such as the positions of jaw, hyoid, tongue body, tongue blade, lips, velum, etc. In the simulation model used, the vocal tract is mainly described by geometric parameters, specifically cross sections of concatenated elements. Therefore, articulatory tremor is modeled by making such geometric parameters variable.
Since jaw tremor is one specific feature of parkinsonian tremor, instabilities in the jaw position have been simulated. Jaw movement is modeled in [37] as an angular displacement of the lower incisors with respect to a fix point. In a similar way, jaw tremor has been simulated as an angular displacement in the boundaries of the elements forming the upper part of the vocal tract. The pharynx section, which approximately equals 1/3 of the total vocal tract length [38] , has been assumed to remain unaffected by jaw position in the simulation model. Consequently, the sections corresponding to the bottom third of the vocal tract have been kept unaltered. The remaining cross sections have been made variable according to the following rule:
where δ indicates the position along the vocal tract axis (δ = 1 3 at the top of the pharynx; δ = 1 at the lips) and S δ0 are the corresponding reference cross sections provided by [39] . Figure 2 gives an overview of the reference shape of the vocal tract cross section and the variability induced by jaw tremor.
Mathematical model
While tremor is often considered to be a purely oscillatory movement [1, 40] , some analyses indicate that tremor may not always be oscillatory [13, 41] . In this paper, tremor has been simulated as random, having a certain bandwidth f , instead of sinusoidal. Thus, when referring to the simulation results, the term tremor bandwidth will be preferred to modulation rate.
Random values for each tremor variable described above (p (t), k (t), σ (t), l (t), S (t)
, and x (t)) have been generated every 1/ f seconds, according to the distributions mentioned below. In order to calculate tremor values at intermediate time instants, a quadratic interpolation has been applied that ensures continuity of the first derivative.
Except for the case of the inter-arytenoid distance, all variable magnitudes that model tremor (p (t), k (t), σ (t), l (t), and S (t))
have been assumed to have Gaussian distributions with zero mean. In the case of the inter-arytenoid distance, it has been preferred to avoid negative values for x (t) so values for it have been obtained by squaring values obtained from a Gaussian distribution, resulting in a χ 2 distribution with one degree of freedom.
Simulation parameters and acoustic analysis
The voice production and tremor models described in preceding sections have been used to generate voice signals with duration equal to 2 s and sampling rate equal to 8, 000 Hz. In order to isolate the effects of different anatomical sources of tremor, time variability has only been modeled in one of the six aforementioned variables at a time. Simulations have been realized for four different bandwidths: f (Hz) ∈ {2.5, 5, 7.5, 10} and diverse variances (i.e. modulation extents). Figure 3 shows one result of such simulations with its correspondent amplitude contour and fundamental frequency. The fundamental frequency has been estimated with a resolution of one sample, which at a sampling rate of 8, 000 Hz and with voices having a mean fundamental frequency around 150 Hz corresponds to a resolution equal to approximately 3 Hz.
For each simulation, the sample normalized standard deviation of the corresponding variable has been computed as:
In the case of the inter-arytenoid distance, since the mean and the standard deviation are not independent for a χ 2 distribution, no normalization has been applied to the standard deviation:
Periods in the output voice signal have been identified using a simple autocorrelation-based pitch detector. Based on the periods identified, two signals have been generated: one containing information on the period peak amplitude, A (t), and another one containing information about the inverse period duration, f (t). A (t) is the amplitude modulating signal while f (t) is the frequency modulating signal. Since A (t) and f (t) are expected to have random values Figure 4 shows the results of simulating respiratory tremor. For low variability in lung pressure (σ p < 2%), only amplitude modulation is produced in the voice signal. For higher variabilities, frequency modulation appears but with a limited extent: σ f < 2%. The extent of amplitude modulation σ A varies from 3% to 20%, which means that it is from 5 to 38 times higher than the extent of frequency modulation.
Results
Results corresponding to phonatory tremor are summarized in Figures 5, 6 , 7 and 8. The impact of stiffness variations on frequency modulation is more relevant than in the case of respiratory tremor, that is, σ A is only 3 to 10 times higher than σ f ( Figure 5 ). Tremor induced by instabilities in vocal fold adduction has a similar behavior ( Figure 6 ) but with σ f reaching values similar to σ A in some cases. The active stress applied to the vocal ligament only has a moderate effect on vocal tremor (Figure 7) , and it provides similar values for σ f and σ A if σ σ ≥ 10%. Last, a varying length of the vocal folds ( Figure 8 ) seems to have a relevant effect on frequency modulation (σ f ≈ 10%) when the length variability goes above a certain threshold (σ l > 1.3%). Below that threshold, only amplitude modulation has a certain relevance.
Finally, the effect of articulatory tremor on the modulations of the acoustic signal is depicted in Figure 9 . Similarly to the case of respiratory tremor, the effect on amplitude modulation is much more relevant than the effect on frequency modulation, with σ A being at least 10 times higher than σ f . The limited extent of frequency modulation can be noticed in the harmonics above the fifth one in the example illustrated in Figure 10 . A second effect of articulatory tremor that can be measured in the acoustic signal is the instability in the frequency response of the vocal tract. This can be noticed by smoothing the spectrum using local averaging (Figure 11 ).
Discussion
The main effect of vocal tremor on the acoustic signal is a combination of amplitude and frequency modulation [10, 13] . In contrast, other perturbation measures such as noise seem not to be related to tremor [10] . As for modulation parameters, modulation extent has been reported to be much more significant for the perception of tremor than modulation rate [9, 10] . This is coherent with the fact that physiologic and pathological tremors happen within overlapped frequency ranges [1, 8, 9] . Thus, amplitude serves better the purpose of discriminating between them. Accordingly, the normalized standard deviations of both peak amplitude and fundamental frequency of the The effect of muscular tremor has been simulated independently for six physical magnitudes affecting voice production at subglottal (lung pressure), laryngeal (vocal fold stiffness, vocal fold length, vocal fold adduction, and vocal ligament stress), and supraglottal (jaw position) levels. As reported in previous studies [14, 15] , obtained results indicate that respiratory tremor has a relevant effect on voice amplitude but it only has a limited effect on fundamental frequency. The dominance of amplitude modulation over frequency modulation in respiratory tremor has also been recently mentioned by Lester et al. [24] . The same authors quantified the modulation extents after their simulation experiments reported in [17] : amplitude modulation extent between 5% and 50% and frequency modulation extent between 0.5% and 3.5%. Results plotted in Figure 4 are within the same range: σ A ≈ 20% and σ f ≈ 2% at the right of the graph.
Incidentally, the behavior of σ f with respect to σ p is consistent with the observation that there seems to be a threshold for the perception of respiratory tremor [6] . That is, although not formally demonstrated, it is commonly assumed that frequency modulation is more relevant for perception than amplitude modulation [13, 25] . Furthermore, Kreiman et al. showed that modulation extent affects perception more than modulation rate [13] . Therefore, the jump in modulation extent that can be observed in Figure 4 near σ p = 2% is consistent with the existence of a threshold for the perception of respiratory tremor, as reported by Farinella et al. [6] . A similar threshold appears for articulatory tremor (Figure 9 ).
At laryngeal level, a tremulous behavior of the TA, CT, and IA muscles has a direct impact on the dynamics of the vocal folds. Such impact has been modeled by adding variability to the stiffness of the vocal folds, the stress of the vocal ligament, the length of the vocal folds, and the distance between the arytenoid cartilages on adduction. Among the four parameters, active stress in the vocal ligament seems to have the least effect on tremor ( Figure 7) . However, no single laryngeal parameter is likely to change independently from the rest under the joint action of laryngeal muscles. What is most relevant in the reported results is that the magnitude of frequency modulation relative to amplitude modulation is larger than for respiratory tremor, though the extents of amplitude modulations are still greater. This happens for each one of the four studied laryngeal parameters, except for the active stress, for which amplitude and frequency modulations reach similar extents when σ σ ≥ 10%. Thus, an analysis of the relative magnitudes of amplitude modulation extent and frequency modulation extent should allow to discriminate respiratory from laryngeal tremor. These results are coherent with the conclusions in [24] , although they indicate that amplitude modulations may also have a phonatory source.
Articulatory tremor may happen due to changes in shape and elastic properties at any segment of the vocal tract from the epiglottis to the lips. Among all possible models for vocal tract instability, changes in the cross section of the vocal tract segment above the pharynx have been simulated, hence modeling instabilities in the jaw position. While articulatory tremor is expected to produce only amplitude modulations of the acoustic wave [9, 24] , the reported results ( Figure 9 ) indicate that frequency modulation also happens, though with a more limited extent. The classical source-filter model assumes independence between the glottal source and the vocal tract. This implies that the vocal tract cannot affect the fundamental frequency of phonation, that is, it can only amplify or attenuate signal harmonics. The expectation that articulatory tremor only causes amplitude modulations in the voice is based on this assumption. However, the existence of interaction between the glottal source and vocal tract has already been shown in several experiments [42] . As a result, vocal tract configuration can actually affect glottal flow characteristics. In the utilized simulation model, such non-linear relation is modeled to a limited extent by (Equation 23, [28] ). By including this source-filter interaction in the model, it has been shown that articulatory tremor also results in frequency modulation, although the extent of this modulation is one order of magnitude smaller than the extent of the amplitude modulation ( Figure 9 ). On the contrary, the voice production simulator does not include models for either subglottal resonances or non-linear interaction between the trachea and larynx. As a consequence, the extent of frequency modulation due to respiratory tremor may be underestimated in the results reported here.
A second effect of articulatory tremor, illustrated in Figure 11 , is the instability in the frequency response of the vocal tract. As far as the authors know, this has not been used as a measure of tremor yet. However, this effect is specific from articulatory tremor and, consequently, any measure of it could reasonably be used to discriminate whether a certain tremor comes from the articulatory structures or not. 
Conclusions
A high-dimensional discrete voice production model has been used to simulate vocal tremor from respiratory, phonatory, and articulatory sources. Results for respiratory and phonatory tremor are consistent with the previous knowledge of respiratory tremor mainly causing amplitude modulations in the voice signal and frequency modulation coming from phonatory tremor. However, in contrast to some previous assumptions, phonatory tremor in these results causes amplitude modulations too. Apart Figure 11 Articulatory tremor -smoothed spectrum. Time evolution of the smoothed spectrum of an acoustic voice signal produced as a result of articulatory tremor simulation (tremor bandwidth equal to 7.5 Hz). All plotted spectra have been normalized in energy.
from the usage of a high-dimensional discrete model, the second novelty of the paper is the simulation of articulatory tremor. Similarly to the case of respiratory tremor, its main effect is amplitude modulation of the voice signal but it also causes frequency modulation with a lower modulation extent. Another specific feature of articulatory tremor that can help in differentiating it from respiratory tremor is the instability induced in the frequency response of the vocal tract.
